Water-soluble lipopolymer (WSLP), which consisted of polyethylenimine (PEI, 1800 Da) and cholesterol, was characterized as a gene carrier to smooth muscle cells and myocardium. Acid-base titration showed that WSLP had a proton-buffering effect. The size of WSLP/plasmid DNA (pDNA) complex was around 70 nm. WSLP/pDNA complex was transfected to A7R5 cells, a smooth muscle cell line. WSLP showed the highest transfection at a 40/1 N/P ratio. WSLP has higher transfection efficiency than PEI (1800 and 25 000 Da), SuperFect, and lipofectamine. In addition, WSLP has less cytotoxicity than PEI (25 000 Da), SuperFect, and lipofectamine. Since WSLP has cholesterol moiety, it may utilize cellular cholesterol uptake pathway, in which lowdensity lipoprotein (LDL) is involved. An inhibition study with free cholesterol or low-density lipoprotein (LDL) showed that transfection was inhibited by cholesterol or LDL, suggesting that WSLP/pDNA complex is transfected to the cells through the cholesterol uptake pathway. To evaluate the transfection efficiency to myocardium, WSLP/pDNA complex was injected into the rabbit myocardium. WSLP showed higher transfection than PEI and naked pDNA. WSLP expressed the transgene for more than 2 weeks. In conclusion, WSLP is an efficient carrier for local gene transfection to myocardium, and useful in in vivo gene therapy.
Introduction
Development of a safe and efficient gene carrier is one of the main requirements for success of gene therapy. Although viral-based gene delivery is currently the most effective way to transfer genes to cells, nonviral vectors are increasingly being considered for in vivo gene delivery. The advantages of nonviral gene therapy are lack of specific immunogenecity, simplicity of use, and ease of large-scale production. 1, 2 In addition, the simple conjugation of a targeting moiety to nonviral gene carrier can facilitate tissue-targeting gene delivery. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] To use it for cardiovascular disease gene therapy, we have developed a new gene carrier system, TerplexD-NA. [14] [15] [16] [17] [18] TerplexDNA is composed of plasmid DNA (pDNA), stearyl-poly-L-lysine (stearyl-PLL), and lowdensity lipoprotein (LDL). LDL binds to many types of cells such as vascular endothelial cells, vascular smooth muscle cells, hepatocytes, and macrophages, and initiates receptor-mediated endocytosis. [19] [20] [21] Therefore, LDL of TerplexDNA facilitates receptor-mediated endocytosis, and TerplexDNA showed high transfection efficiency to smooth muscle cells in vitro and myocardium in vivo. 14, 18 Polyethylenimine (PEI) has been reported as an effective gene carrier because PEI can deliver pDNA to the cytoplasm via endosomes due to the proton-sponge effect. 22, 23 However, high molecular weight PEI (25 000 Da), which is commonly used for gene delivery, has high toxicity. 24 Although low molecular weight PEI (1800 Da) has low cytotoxicity, it also has low transfection efficiency. 23 To reduce cytotoxicity and enhance transfection efficiency of PEI, we developed another gene carrier, water-soluble lipopolymer (WSLP), in which cholesterol was conjugated to PEI (1800 Da). 25 Owing to the balance between hydrophilicity of PEI and hydrophobicity of cholesterol, WSLP can form small size micelles in an aqueous solution. WSLP has high transfection efficiency to 293T or CT26 cells with negligible cytotoxicity to the cells.
In this research, WSLP was characterized in various methods as a gene carrier to smooth muscle cells in vitro and myocardium in vivo. Acid-base titration was performed to confirm the proton-buffering effect of WSLP, and mean particle size of WSLP/pDNA complex was measured at various concentrations by dynamic light scattering (DLS). WSLP/pDNA complex was transfected to A7R5 cells, a smooth muscle cell line, to evaluate the transfection efficiency. The inhibition study with free cholesterol or LDL was carried out to prove that WSLP utilizes cellular cholesterol uptake pathway. Finally, the transfection efficiency to rabbit myocardium was evaluated. The results suggest that WSLP can be applied to in vivo gene therapy for the treatment of ischemic heart disease.
Results
Physical characterization of WSLP WSLP was synthesized as described previously. 25 PEI has been known to have a proton-buffering effect, resulting in disruption of endosome in the transfection process. WSLP has a PEI moiety and may have a protonbuffering effect. To confirm the buffering effect of WSLP, acid-base titration was performed (Figure 1 ). The acidbase titration profile was obtained with PLL, PEI (1800 Da), and WSLP. The initial pH points of these polymers were close ranging from 11.49 to 11.88. When 0.1 N HCl was added to the polymer solutions from 0 to 1.0 ml, there was no significant change in the pH of PLL, PEI, and WSLP, probably because of the protonation of primary amine groups. However, the titration curve trend was significantly different after that point. Titration curve of PLL was nearly vertical, suggesting little buffering capacity of PLL. Unlike PLL, WSLP and PEI showed considerable buffer capacity. The tertiary and secondary amine groups of WSLP and PEI were protonated at the pH range from 9.0 to 4.0. The data showed that the buffer capacity of WSLP was slightly lower than that of PEI.
The size of WSLP/pCMV-Luc was measured at various concentrations (Figure 2a ). To formulate WSLP/pCMV-Luc complexes, WSLP was mixed with pCMV-Luc at a 40/1 N/P (nitrogen atoms of polymer/ phosphate of pDNA) ratio, because WSLP showed the highest transfection efficiency at this N/P ratio in the following in vitro study. The concentration of pCMV-Luc was in the range from 31.25 to 2000 mg/ml. As a result, the complex size was around 70 nm at 31.25 mg of pCMVLuc/ml. The size was not changed up to 250 mg of pCMV-Luc/ml. However, at 2000 mg of pCMV-Luc/ml, the size increased abruptly to 488.3 nm, suggesting aggregation. This suggested that WSLP/pDNA complexes should be formulated below 250 mg/ml pDNA concentration. Therefore, in the following experiments, 50 mg/ml pDNA concentration was used for in vitro experiments and 200 mg/ml pDNA concentration for in vivo experiments.
Zeta potential of WSLP/pCMV-Luc complexes was measured at various pCMV-Luc concentrations ( Figure  2b ). N/P ratio for the complex was fixed at 40/1. z potential of WSLP/pCMV-Luc complex was not significantly variable, even though there was a slight decrease with increasing pCMV-Luc concentration. This may be because of the increase in the particle size, which is likely to slow down the mobility of the WSLP/pCMV-Luc complex.
In vitro transfection assay of WSLP to smooth muscle cells
Previous reports showed that WSLP showed the highest transfection efficiency at a 20/1 N/P ratio to 293T cells or CT26 cells. 25 However, the N/P ratio that shows the highest transfection would be variable depending on cell type. WSLP/luciferase plasmid (pCMV-Luc) complexes were prepared at various N/P ratios and transfected to A7R5 smooth muscle cells. Transfection of pCMV-Luc to A7R5 cells was increased with increasing N/P ratio up to 40/1 (Figure 3) . Above a 40/1 N/P ratio, the transfection was saturated.
WSLP was compared with low molecular weight PEI (PEI1800), high molecular weight PEI (PEI25 000), SuperFect (starburst dendrimer), and lipofectamine in terms of transfection efficiency to A7R5 cells. Optimal N/P ratio for PEI1800 has not been reported. Therefore, to determine an optimal N/P ratio for PEI1800, PEI1800/ Figure 1 Acid-base titration. In total, 10 mg of WSLP, PEI1800, or PLL was dissolved in 10 ml of 150 mM NaCl. In all, 100 ml of 1 N NaOH was added to the polymer solution. The polymer solution was titrated with increasing volume of 0.1 N HCl. Water-soluble lipopolymer as a gene carrier to myocardium M Lee et al pCMV-Luc complexes were prepared at various N/P ratios. As a result, PEI1800 showed the highest transfection efficiency at a 40/1 N/P ratio (data not shown). In addition, transfection condition of lipofectamine or SuperFect was optimized. The results showed that lipofectamine and SuperFect showed the highest transfection efficiency to A7R5 cells at a 5/1 weight ratio and 6 ml of SuperFect/mg DNA, respectively (data not shown). Therefore, WSLP/pCMV-Luc and PEI1800/ pCMV-Luc complexes were prepared at a 40/1 N/P ratio. Lipofectamine/pCMV-Luc and SuperFect/pCMVLuc complexes were formulated at a 5/1 weight ratio and 6 ml of SuperFect/mg DNA, respectively. PEI25 000/ pCMV-Luc complex was prepared at a 5/1 N/P ratio, based on the previous reports. 22, [26] [27] [28] [29] After transfection to A7R5 cells, transgene expression was evaluated by luciferase assay. As a result, WSLP showed higher transfection efficiency than PEI1800, SuperFect, or lipofectamine to A7R5 cells (Figure 4 ). PEI showed a similar transfection efficiency to WSLP.
Cytotoxicity of WSLP
To evaluate the cytotoxicity of WSLP, WSLP/pCMV-Luc complex was transfected to A7R5 cells. The cytotoxicity of WSLP was compared with that of PEI1800, PEI25 000, lipofectamine, and SuperFect. Polymer/pDNA complexes were prepared at their optimal transfection condition as described above. The complexes were transfected to A7R5 cells, and the cytotoxicities of the complexes were evaluated by MTT assay. The results showed that WSLP and PEI1800 had low cytotoxicity ( Figure 5 ). WSLP and PEI1800 showed about 90% cell viability after the transfection. However, PEI25 000, lipofectamine, and SuperFect were highly toxic to the cells ( Figure 5 ).
In vitro transfection assay: cholesterol or LDL inhibition
Since WSLP contains cholesterol moiety, it is possible that the WSLP/pDNA complex is internalized by the cells through a cellular cholesterol uptake pathway. To confirm this possibility, A7R5 cells were incubated with free cholesterol for 30 min before the transfection to saturate the cholesterol uptake pathway. After the incubation of cholesterol, WSLP/pCMV-Luc complex was added to the cells. The results showed that incubation with free cholesterol inhibited WSLPmediated transfection (Figure 6a ). However, PEI1800-mediated transfection was not inhibited by incubation with free cholesterol (Figure 6b ). In addition, the cells were incubated with LDL for 30 min before the transfection. After the incubation of the cells with LDL, the transfection efficiency by WSLP was decreased ( Figure  7a ). However, LDL did not decrease the PEI1800- Figure 5 Cytotoxicity of WSLP, PEI25 000, lipofectamine, SuperFect, or PEI1800 to A7R5 cells. A7R5 cells were seeded in 96-well microassay plates. Polymer/pCMV-Luc complexes were prepared as described in Materials and methods. Polymer/pCMV-Luc complexes were added to the cells and incubated for 4 h at 371C. After the incubation, the transfection mixture was replaced with 100 ml of fresh DMEM medium supplemented with 10% FBS. The cells were incubated for an additional 20 h at 371C. After the incubation, cell viability was measured by MTT assay. The data are expressed as mean values (7s.d.) of five experiments. *Po0.01 as compared with PEI25 000, lipofectamine, SuperFect, but no statistical significance as compared with PEI1800.
Water-soluble lipopolymer as a gene carrier to myocardium M Lee et al mediated transfection (Figure 7b ). Therefore, it is suggested that WSLP can utilize a cellular cholesterol uptake pathway, which is related to LDL.
In vivo transfection assay with WSLP in rabbit myocardium
To evaluate the in vivo transfection efficiency of WSLP, WSLP/pCMV-Luc complex was injected to the left ventricle of a rabbit heart at various N/P ratios. The heart was harvested and luciferase activity measured 3 days after the injection. Unlike the in vitro transfection, WSLP showed the best transfection efficiency at a 10/1 N/P ratio in vivo (Figure 8 ). It may be because of the interaction of WSLP with serum proteins, and high N/P ratio may decrease the transfection efficiency.
RT-PCR was performed to detect the expressed VEGF mRNA. For RT-PCR, the primers were designed to encompass the intron to exclude the amplification of the contaminated pDNA or the endogenous VEGF mRNA. RT-PCR data showed that the VEGF mRNA was expressed at the highest level in the 10/1 N/P ratio complex injected animals ( Figure 9 ). Therefore, these results confirmed that WSLP had the highest transfection efficiency to myocardium at a 10/1 N/P ratio.
To compare the in vivo transfection efficiency of WSLP with that of PEI1800, PEI 25 000, and naked pDNA, the polymer/pDNA complexes or naked pDNA were injected to rabbit myocardium. Since lipofectamine and SuperFect were highly cytotoxic to smooth muscle cells, they were excluded in in vivo experiments. WSLP showed higher transfection efficiency than PEI1800, PEI25 000, and naked pDNA ( Figure 10 ).
Persistence of gene expression by WSLP in rabbit myocardium
To evaluate the persistence of gene expression, WSLP/ pCMV-Luc complex was injected into rabbit myocardium at a 10/1 charge ratio. Naked pDNA was injected into myocardium as a control. Luciferase activity was measured at 3, 7, or 14 days after injection ( Figure 11 ). WSLP showed higher transgene expression than naked pDNA. The luciferase activity by naked pDNA Water-soluble lipopolymer as a gene carrier to myocardium M Lee et al decreased rapidly and the activity reached background level at 7 days after the injection. WSLP/pCMV-Luc complex showed a longer gene expression profile than naked DNA. The WSLP/pCMV-Luc complex showed a significant level of the luciferase expression 14 days after the injection ( Figure 11 ).
Discussion
High molecular weight PEI (PEI25 000) has been reported to be effective for gene delivery, because it has a proton-buffering effect and facilitates endosomal escape. However, PEI25 000 has high cytotoxicity to cells and cannot be applied to a clinical trial. 24 In addition, low molecular weight PEI (PEI1800) has relatively low cytotoxicity and low transfection efficiency. In this study, WSLP was synthesized by the conjugation of cholesterol to low molecular weight PEI1800. Therefore, WSLP has the advantages of PEI and cholesterol. First, WSLP has PEI moiety and, therefore, it has the proton-buffering effect. To prove this, we performed an acid-base titration (Figure 1) . Although WSLP has a lower buffering effect than PEI, the effect of WSLP is much higher than PLL.
This buffering effect may facilitate endosome escape, resulting in high transfection efficiency. Second, low molecular weight PEI1800 has low cytotoxicity to cells. The cytotoxicity of WSLP was similar to that of PEI1800 ( Figure 5 ). Previously, starburst polyamidoamine dendrimers were evaluated as a gene carrier into murine cardiac grafts. 30 In addition, the transfection efficiency of the dendrimer was evaluated to smooth muscle cells and endothelial cells. 27 The dendrimer was effective in that it had higher transfection efficiency than naked pDNA and prolonged gene expression. However, as proved in our study, the dendrimer (SuperFect) is highly toxic to smooth muscle cells, suggesting that WSLP has an advantage against the dendrimer in terms of safety. Figure 10 Transfection efficiency of WSLP, PEI1800, PEI25 000, and naked pDNA to rabbit myocardium. WSLP/pCMV-Luc complex and PEI1800/pCMV-Luc complexes were prepared at a 10/1 N/P ratio. PEI25 000/pCMV-Luc complexes were formulated at a 5/1 N/P ratio. WSLP/pCMV-Luc, PEI1800/pCMV-Luc, PEI25 000/pCMV-Luc complex, or naked pDNA was injected to the left ventricles of the hearts of New Zealand white rabbits. Transgene expression was evaluated 3 days after the injection by luciferase assay. The data is expressed as mean values (7s.d.) of three experiments. *Po0.01 as compared with naked pDNA, PEI1800, and PEI25 000. 32 DC-chol was mixed with colipid DOPE to form cationic liposome, which has high transfection efficiency to mammalian cells. [32] [33] [34] Spermine cholesteryl carbamate and spermidine cholesteryl carbamate have been shown to be more effective than DCchol. 35 Unlike these cholesterol based cationic lipids, WSLP has proton sponge effect of PEI, and destabilizes endosomal membrane without the requirement of a colipid, resulting in high transfection efficiency.
In the previous reports, WSLP had high transfection efficiency to human kidney 293T cells, CT26 colon carcinoma cells, and mouse insulinoma MIN6 cells. 25, 36 In addition, WSLP can protect pDNA from nuclease. 36 In this study, we evaluated WSLP as a gene carrier to smooth muscle cells in vitro and myocardium in vivo. The transfection efficiency of WSLP was higher than that of PEI1800, lipofectamine, or SuperFect to A7R5 smooth muscle cells. In addition, WSLP has negligible cytotoxicity to A7R5 cells. The inhibition studies suggest that WSLP utilizes the cholesterol uptake pathway. In Figure  6a , the incubation with free cholesterol decreased the transfection efficiency of WSLP. The efficiency of myocardium injection is proved in Figures 8-10 . Unlike the in vitro transfection, WSLP has the highest transfection efficiency to rabbit myocardium at a 10/1 N/P ratio in luciferase assay (Figure 8 ). In addition, RT-PCR data showed that WSLP had the highest transfection efficiency at a 10/1 N/P ratio ( Figure 9) . The difference between in vitro transfection and in vivo transfection may be because of the interaction of WSLP with serum proteins. At a higher N/P ratio, WSLP/pDNA complex has higher positive charge and may interact with serum proteins more strongly, resulting in the decrease of transfection efficiency. Unlike in vitro transfection, PEI25 000 showed similar transgene expression to PEI1800 in myocardial transfection. This low gene expression may be because of the high cytotoxicity of PEI25 000. In addition, PEI25 000 forms a complex with pDNA more tightly than PEI1800, suggesting that the release of pDNA in myocardium may be delayed compared to PEI1800. The delay of the pDNA release from the complex may decrease transfection efficiency. As shown in Figure 8 , WSLP had lower gene expression at a 20/1 or 40/1 N/P ratio than 5/1 or 10/1 N/P ratio. Besides serum protein effect, the release of pDNA from the complex may be delayed at a high N/P ratio, resulting in the decrease of the transfection efficiency. At a 10/1 N/P ratio, WSLP has higher transfection efficiency than PEI1800, PEI25000, and naked pDNA ( Figure 10 ). The higher transfection efficiency of WSLP to myocardium may be related to the interaction with a myocardial LDL receptor. In addition, WSLP expressed the transgene longer than naked pDNA (Figure 11 ). WSLP/pDNA complex expressed the transgene for more than 14 days in myocardium. The longer gene expression by WSLP may be because of the prolonged half-life of pDNA, since WSLP protects pDNA from nuclease.
In summary, WSLP has high transfection efficiency and low cytotoxicity to smooth muscle cells in vitro. WSLP may use cellular cholesterol uptake pathway to internalize the complex into the cells. In addition, the injection of WSLP/pDNA to rabbit myocardium also showed that WSLP had higher transfection efficiency than PEI (1800 Da) and longer gene expression than naked pDNA. Therefore, WSLP is an efficient carrier to myocardium. In addition, WSLP's characteristics of low toxicity and high transfection efficiency may allow for the application of in vivo gene therapy in the treatment of heart disease.
Materials and methods

Synthesis of WSLP
WSLP was synthesized as described previously. 25 Briefly, PEI (1800 Da) was stirred on ice in a mixture of anhydrous methylene chloride and triethylamine for 30 min. Cholesteryl chloroformate was dissolved in methylene chloride and slowly added to the PEI solution. The mixture was stirred for 12 h on ice and the resulting product was dried on a rotary evaporator. The powder was dissolved in 0.1 N HCl. The aqueous solution was extracted with methylene chloride and then filtered through a glass microfiber filter. The product was concentrated by solvent evaporation, precipitated with large excess acetone, and dried under vacuum.
Acid-base titration
The ability of WSLP to protonate and obtain a positive charge was determined by acid-base titration. 37, 38 Briefly, 10 mg of WSLP, PEI (1800 Da), or PLL was dissolved in 10 ml of 150 mm NaCl. A total of 1 N NaOH was added to this solution and the pH was measured. The polymer solution was titrated with increasing volume of 0.1 N HCl and the pH was measured at every point.
Preparation of plasmid
pCMV-Luc was constructed by inserting the HindIII/ XbaI firefly luciferase cDNA fragment from pGL3-control vector into the HindIII/XbaI site of pcDNA3. 25 pSG5-VEGF was kindly provided by Jozef Dulak (Department of Cardiology, University of Innsbrook, Innsbrook, Austria). The pDNAs were transformed in Escherichia coli DH5a and amplified in terrific broth media at 371C overnight at 225 rpm. The amplified plasmid DNA was purified by using the Maxi plasmid purification kit (Qiagen, Valencia, CA, USA). Purified plasmid DNA was dissolved in Tris-EDTA (TE) buffer, and its purity and concentration were determined by ultraviolet (UV) absorbance at 260 nm. The optical density ratios at 260-280 nm of these plasmid preparations were in the range of 1.7-1.8. To confirm that there is no rearrangement of the gene during cloning and propagation of the plasmid DNA, restriction enzyme assay was done followed by 1% agarose gel electrophoresis.
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Particle size and z potential z potential and particle size of WSLP/pDNA complexes were measured as described by Maheshwari et al.
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Briefly, polymer/pDNA complexes were prepared as discussed above and were diluted 4 times in the cuvette and the electrophoretic mobility was determined with zPALS (Brookhaven Instruments Corp., Holtsville, NY, USA). All experiments were performed at 251C, pH 7.0 and 677 nm wavelength at a constant angle of 151. The z potential was automatically calculated from the electrophoretic mobility based on Smoluchowski's formula. Following the determination of electrophoretic mobility, the samples were subjected to mean particle size measurement by the same equipment using the same light source and wavelength. The particle size was reported as effective mean diameter.
In vitro transfection
A7R5 cells, a smooth muscle cell line, were maintained in DMEM medium supplemented with 10% FBS in a 5% CO 2 incubator. For the transfection studies, A7R5 cells were seeded at a density of 2.5 Â 10 5 cells/well in sixwell flat-bottomed microassay plates (Falcon Co., Becton Dickenson, Franklin Lakes, NJ, USA) 24 h before transfection. After 24 h, the cells were washed twice with serum-free DMEM medium, and then 2 ml of fresh serum-free medium was added. WSLP/pDNA and PEI1800/pDNA complexes were prepared at various N/P ratios. Lipofectamine/pDNA complex was prepared at a 5/1 weight ratio (lipofectamine/pDNA). SuperFect/pDNA and PEI25000/pDNA complexes were prepared at 6 ml of SuperFect/mg DNA and a 5/1 N/P ratio, respectively. The pDNA concentrations of the complex solutions were fixed at 50 mg/ml. The polymer/pDNA complexes were added to the cells. The cells were then incubated for 4 h at 371C in a 5% CO 2 incubator. After 4 h, the transfection mixtures were removed and 2 ml of fresh DMEM medium containing FBS was added. The cells were incubated for an additional 44 h at 371C. For the inhibition study, the cells were preincubated for 30 min with various amounts of cholesterol or LDL before transfection. For the cholesterol inhibition study, cholesterol was dissolved in ethanol at various concentrations. In total, 50 ml of each cholesterol solution was added to the cells. As a control, 50 ml of ethanol was added to the cells. For LDL inhibition study, LDL was prepared at various concentrations in PBS buffer. In total, 50 ml each LDL solution was added to the cells. As a control, 50 ml of PBS was added to the cells.
Luciferase assay
After transfection, the cells were washed with PBS twice, and 200 ml of reporter lysis buffer (Promega, Madison, WI, USA) was added to each well. After 15 min of incubation at room temperature, the cells were harvested and transferred to microcentrifuge tubes. After 15 s of vortexing, the cells were centrifuged at 11 000 rpm for 3 min. The extracts were transferred to fresh tubes and stored at À701C until use. The protein concentrations of the extracts were determined by using the BCA protein assay kit (Pierce, Iselin, NJ, USA). Luciferase activity was measured in terms of relative light units (RLU) using a 96-well plate Luminometer (Dynex Technologies Inc., Chantilly, USA). The luciferase activity was monitored and integrated over a period of 30 s. The final values of luciferase were reported in terms of RLU/mg total protein.
Cytotoxicity assay
Evaluation of cytotoxicity was performed by the 3-[4, 5-dimetylthiazol-2, 5-diphenyltetrazolium bromide (MTT) assay.
40 A7R5 cells were seeded at a density of 2 Â 10 4 cells/well in 96-well microassay plates (Falcon Co., Becton dickenson, Franklin Lakes, NJ, USA), and incubated for 24 h before transfection. WSLP/pDNA and PEI1800/pDNA complexes were prepared at a 40/1 N/P ratio and lipofectamine/pDNA was formulated at a 5/1 weight ratio (lipofectamine/pDNA). PEI25000/ pDNA complex was prepared at a 5/1 N/P ratio and SuperFect/pDNA was formulated at 6 ml of SuperFect/ mg DNA. The amount of pDNA was fixed at 0.2 mg/well. Polymer/pDNA was added to the cells and incubated for 4 h at 371C. After the incubation, the transfection mixture was replaced with 100 ml of fresh DMEM medium supplemented with 10% FBS. The cells were incubated for an additional 20 h at 371C. After the incubation, 24 ml of 2 mg/ml MTT solution in PBS was added. The cells were incubated for an additional 4 h at 371C and then MTT-containing medium was aspirated off, and 150 ml of DMSO was added to dissolve the formazan crystal formed by live cells. Absorbance was measured at 570 nm. The cell viability (%) was calculated according to the following equation:
Cell viabilityð%Þ ¼ ðOD 570ðsampleÞ =OD 570ðcontrolÞ Þ100
here the OD 570(sample) represents the measurement from the wells treated with polymer/pDNA complex and the OD 570(control) represents the measurements from the wells treated with 5% glucose solution only.
In vivo transfection
WSLP/pDNA complexes were prepared at various N/P ratios. PEI1800/pDNA and PEI25 000/pDNA complexes were prepared at 10/1 and 5/1 N/P ratios, respectively. WSLP/pDNA, PEI1800/pDNA, PEI25 000/pDNA complexes, and naked pDNA were injected to the left ventricles of hearts of New Zealand white rabbits. The anterior descending, circumflex, and posterolateral coronary arteries were used as landmarks for the left ventricular injection site in the rabbit model. All injections were performed over 1 min in a subepicardial location with a fixed amount of pDNA (20 mg) in injectate volumes of 100 ml. Transgene expression in the rabbit model was evaluated 3, 7, or 14 days after gene transfer by luciferase assay or RT-PCR. The hearts were harvested 3, 7, or 14 days after the injections and homogenized in reporter lysis buffer (Promega, Madison, WI, USA). The homogenate was incubated on ice for 1 h and spun for 5 min to pellet debris. Luciferase activity was measured as described above.
RT-PCR
Total RNA was prepared by acid-guanidium thiocyanate-phenol-chloroform extraction from the injected myocardium, using RNAwiz (Ambion, Austin, TX, USA). The total RNA was treated with RNase-free DNase I (Promega, Madison, WI, USA) to eliminate the Water-soluble lipopolymer as a gene carrier to myocardium M Lee et al contaminated DNA. The concentration of RNA was measured by the absorbance at 260 nm, and the integrity of RNA was confirmed by formaldehyde-formamide denatured agarose gel electrophoresis. Total RNA (2 mg) was hybridized to the backward primer and reverse transcribed using AMV reverse transcriptase (Promega, Madison, WI). The sequences of the primers were as follows: forward primer, 5
0 -TCGATCCTGAGAACTT-CAG-3 0 , backward primer, 5 0 -GGATGGCTTGAAGATG-TACT-3 0 . The primers encompassed the intron sequence of pSG5-VEGF to exclude the amplification of the endogenous VEGF or the contaminated pDNA. The reverse-transcribed samples were amplified by PCR using Taq polymerase (Promega, Madison, WI, USA). The sequences of the specific oligonucleotide primers were same as the primers for PCR. The primers encompassed the intron sequence of pSG5-VEGF to exclude the amplification of the contaminated pDNA or the endogenous VEGF mRNA. The PCR reaction consisted of 941C for 3 min, 35 cycles at 941C for 30 s, 551C for 30 s, and 721C for 1 min, followed by an extension of 10 min at 721C. The PCR products were separated by electrophoresis in 1.5% agarose gels. The length of the expected product was 376 bp.
Statistical analysis
The statistical significance of the results of cytotoxicity and transfection was evaluated by Student's t-test. P value under 0.05 was thought to be statistically significant.
